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:KHDW�GH[WULQ�VROXEOH�ILEUH�PD\�KDYH�PHWDEROLF�DQG�KHDOWK�EHQHILWV��SRWHQWLDOO\�DFWLQJ�YLD�PHFKDQLVPV�JRYHUQHG�E\
WKH�VHOHFWLYH�PRGXODWLRQ�RI� WKH�KXPDQ�JXW�PLFURELRWD��2XU�DLP�ZDV�WR�H[DPLQH�WKH� LPSDFW�RI�ZKHDW�GH[WULQ�RQ�WKH
FRPSRVLWLRQ�DQG�PHWDEROLF�DFWLYLW\�RI�WKH�JXW�PLFURELRWD��:H�XVHG�D�YDOLGDWHG�LQ�YLWUR�WKUHH�VWDJH�FRQWLQXRXV�FXOWXUH
KXPDQ�FRORQLF�PRGHO��JXW�PRGHO��V\VWHP�FRPSULVHG�RI�YHVVHOV�VLPXODWLQJ�DQDWRPLFDO�UHJLRQV�RI�WKH�KXPDQ�FRORQ��7R
PLPLF�KXPDQ�LQJHVWLRQ����J�RI�ZKHDW�GH[WULQ��1875,26(��)%����ZDV�DGPLQLVWHUHG�WR�WKUHH�JXW�PRGHOV��WZLFH�GDLO\
DW� ������ DQG� ������� IRU� D� WRWDO� RI� ��� GD\V�� 6DPSOHV� ZHUH� FROOHFWHG� DQG� DQDO\VHG� IRU� PLFURELDO� FRPSRVLWLRQ� DQG
RUJDQLF� DFLG� FRQFHQWUDWLRQV� E\� ��6� U51$�EDVHG� IOXRUHVFHQFH� LQ� VLWX� K\EULGLVDWLRQ� DQG� JDV� FKURPDWRJUDSK\
DSSURDFKHV�� UHVSHFWLYHO\��:KHDW�GH[WULQ�PHGLDWHG�D� VLJQLILFDQW� LQFUHDVH� LQ� WRWDO� EDFWHULD� LQ� YHVVHOV� VLPXODWLQJ� WKH
WUDQVYHUVH�DQG�GLVWDO� FRORQ��DQG�D� VLJQLILFDQW� LQFUHDVH� LQ� NH\�EXW\UDWH�SURGXFLQJ�EDFWHULD�&ORVWULGLXP� FOXVWHU�;,9D
DQG�5RVHEXULD� JHQXV� LQ� DOO� YHVVHOV� RI� WKH� JXW�PRGHO�� 7KH� SURGXFWLRQ� RI� SULQFLSDO� VKRUW�FKDLQ� IDWW\� DFLGV�� DFHWDWH�
SURSLRQDWH�DQG�EXW\UDWH��ZKLFK�KDYH�EHHQ�SXUSRUWHG� WR�KDYH�SURWHFWLYH�� WURSKLF�DQG�PHWDEROLF�KRVW�EHQHILWV��ZHUH
LQFUHDVHG��6SHFLILFDOO\��ZKHDW�GH[WULQ�IHUPHQWDWLRQ�KDG�D�VLJQLILFDQW�EXW\URJHQLF�HIIHFW�LQ�DOO�YHVVHOV�RI�WKH�JXW�PRGHO
DQG� VLJQLILFDQWO\� LQFUHDVHG� SURGXFWLRQ� RI� DFHWDWH� �YHVVHOV� �� DQG� ��� DQG� SURSLRQDWH� �YHVVHO� ���� VLPXODWLQJ� WKH
WUDQVYHUVH�DQG�GLVWDO� UHJLRQV�RI� WKH�KXPDQ�FRORQ�� UHVSHFWLYHO\�� ,Q� FRQFOXVLRQ��ZKHDW�GH[WULQ�1875,26(��)%��� LV
VHOHFWLYHO\�IHUPHQWHG� LQ�YLWUR�E\�&ORVWULGLXP�FOXVWHU�;,9D�DQG�5RVHEXULD�JHQXV�DQG�EHQHILFLDOO\�DOWHUV�WKH�PHWDEROLF
SURILOH�RI�WKH�KXPDQ�JXW�PLFURELRWD�
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(GLWRU��6WHIDQ�%HUHVZLOO��&KDULWp�8QLYHUVLW\�0HGLFLQH�%HUOLQ��*HUPDQ\
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)XQGLQJ��7KH�VWXG\�ZDV�IXQGHG�E\�5RTXHWWH��)UDQFH��7KH�IXQGHUV�ZHUH�LQYROYHG�LQ�VWXG\�GHVLJQ��GHFLVLRQ�WR�SXEOLVK�DQG�SUHSDUDWLRQ�RI�WKH�PDQXVFULSW�
KRZHYHU�WKH\�KDG�QR�UROH�LQ�UXQQLQJ�WKH�H[SHULPHQWV��GDWD�FROOHFWLRQ�RU�DQDO\VLV�

&RPSHWLQJ�LQWHUHVWV��5RTXHWWH�SURYLGHG�ILQDQFLDO�VXSSRUW�IRU�WKLV�VWXG\��/DHWLWLD�*XpULQ�'HUHPDX[�DQG�'DQLHO�:LOV�DUH�HPSOR\HHV�RI�5RTXHWWH�
1875,26(��LV�D�FRPPHUFLDOO\�DYDLODEOH�IRRG�SURGXFW��7KLV�GRHV�QRW�DOWHU�WKH�DXWKRUV¶�DGKHUHQFH�WR�DOO�WKH�3/26�21(�SROLFLHV�RQ�VKDULQJ�GDWD�DQG
PDWHULDOV�


�(�PDLO��P�U�KREGHQ#UHDGLQJ�DF�XN

,QWURGXFWLRQ

7KH� LQFUHDVLQJ� ZRUOGZLGH� SUHYDOHQFH� RI� REHVH� DQG
RYHUZHLJKW� LQGLYLGXDOV� LV� D� PDMRU� SXEOLF� KHDOWK� FRQFHUQ� >�@�
2EHVLW\��DQG�PRUH�VSHFLILFDOO\�WKH�DFFUHWLRQ�RI�H[FHVV�DGLSRVH
WLVVXH�� LV�DVVRFLDWHG�ZLWK�HOHYDWHG�FKURQLF�V\VWHPLF� ORZ�JUDGH
LQIODPPDWLRQ�DQG�LQFUHDVHG�ULVN�RI�PHWDEROLF�GLVHDVHV��VXFK�DV
W\SH� �� GLDEHWHV� DQG� FDUGLRYDVFXODU� GLVHDVH� �&9'�� >�@�� 7KH
SDWKRJHQHVLV� RI� WKHVH� FRQGLWLRQV� LV� DWWULEXWDEOH� WR� D� FRPSOH[
LQWHUDFWLRQ� EHWZHHQ� JHQHWLF�� PHWDEROLF�� HQYLURQPHQWDO� DQG
EHKDYLRXUDO� IDFWRUV�� KRZHYHU� WKH� VSHFLILF� FRQWULEXWLRQ� RI� HDFK
RI� WKHVH� GHWHUPLQDQWV� LV� QRW� IXOO\� XQGHUVWRRG� >�@�� 7KH
FRPSRVLWLRQ� DQG� PHWDEROLF� DFWLYLW\� RI� PLFURELDO� LQKDELWDQWV� RI
WKH� KXPDQ� JXW� KDV� UHFHQWO\� EHHQ� DFNQRZOHGJHG� DV� DQ

HQYLURQPHQWDO� IDFWRU� WKDW� PD\� LQIOXHQFH� WKH� GHYHORSPHQW� RI
REHVLW\�DQG�DVVRFLDWHG�PHWDEROLF�GLVHDVHV�>���@�
7KH� KXPDQ� JXW� PLFURELRWD� LV� D� GLYHUVH� HFRV\VWHP

FRPSULVLQJ�RI�XS�WR�����WULOOLRQ�DUFKDHDO�DQG�EDFWHULDO�FHOOV��$Q\
RI� EHWZHHQ������� �� ������EDFWHULDO� VSHFLHV�PD\� UHVLGH� LQ� WKH
JXW�� ZLWK� PRVW� LQGLYLGXDOV� KDUERXULQJ� DW� OHDVW� ���� GLIIHUHQW
VSHFLHV�� $OWKRXJK� RYHU� ���� RI� JXW� EDFWHULD� EHORQJ� WR
%DFWHURLGHWHV� DQG� )LUPLFXWHV�� WKH� VSHFLILF� FRPSRVLWLRQ� RI� WKH
JXW� PLFURELRWD�� DW� WKH� SK\OXP�� JHQXV� DQG� VSHFLHV� OHYHO�� LV
KLJKO\� LQGLYLGXDO� DQG� DIIHFWHG� E\� YDULRXV� IDFWRUV�� LQFOXGLQJ
DGLSRVLW\� >�@��2EHVLW\�DQG�GLHW�LQGXFHG�ZHLJKW�JDLQ�KDYH�EHHQ
DVVRFLDWHG� ZLWK� D� PRGLILHG� PLFURELDO� FRPSRVLWLRQ�� ZLWK� VRPH
VWXGLHV� >����@�� EXW� QRW� DOO� >�����@�� SURYLGLQJ� HYLGHQFH� IRU� DQ
DOWHUHG� )LUPLFXWHV�%DFWHURLGHWHV� UDWLR�� 5HGXFHG� QXPEHUV� RI
(XEDFWHULXP� UHFWDOH�&ORVWULGLXP� FRFFRLGHV� FOXVWHU�
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%LILGREDFWHULXP� VSS��� /DFWREDFLOOXV� VSS�� DQG� 5RVHEXULD� VSS��
KDYH�EHHQ�REVHUYHG� LQ�PLFH� VXEMHFWHG� WR� DQ�REHVRJHQLF� GLHW
>�����@�� )XUWKHUPRUH�� D� UHFHQW� URGHQW�PRGHO� VWXG\� E\� /LRX� HW
DO��� KDV� SURYLGHG� WKH� ILUVW� HPSLULFDO� HYLGHQFH� WKDW� FKDQJHV� LQ
WKH�JXW�PLFURELRWD�PD\�FRQWULEXWH�WRZDUGV�UHGXFHG�KRVW�ZHLJKW
DQG�DGLSRVLW\�>��@�
7KH� JXW� PLFURELRWD� KDV� D� PDMRU� LQIOXHQFH� RQ� KRVW

PHWDEROLVP�� ZLWK� PLFUREH�KRVW� LQWHUDFWLRQV� FRQQHFWLQJ� ZLWK
RUJDQV�� LQFOXGLQJ� WKH� JXW�� OLYHU�� DGLSRVH� WLVVXH�� PXVFOH� DQG
EUDLQ�� $FFRUGLQJO\�� GLHWDU\�PRGXODWLRQ� RI� WKH� FRPSRVLWLRQ� DQG
DFWLYLW\� RI� WKH� JXW� PLFURELRWD�� ZLWK� IRRG� LQJUHGLHQWV� VXFK� DV
SUHELRWLFV��KDV�EHHQ�KLJKOLJKWHG�DV�D�SRWHQWLDO�WDUJHW�IRU�REHVLW\
DQG� PHWDEROLF� GLVHDVHV� >�@�� 3UHELRWLFV� DUH� GHILQHG� DV
µVHOHFWLYHO\� IHUPHQWHG�GLHWDU\� LQJUHGLHQWV� WKDW� UHVXOW� LQ�VSHFLILF
FKDQJHV� LQ� WKH� FRPSRVLWLRQ� DQG�RU� DFWLYLW\� RI� WKH
JDVWURLQWHVWLQDO�PLFURELRWD��WKXV�FRQIHUULQJ�EHQHILW�V��XSRQ�KRVW
KHDOWK¶� >��@��:RRGV�DQG�*RUEDFK� LQFOXGHG� LQ� WKLV�GHILQLWLRQ�DQ
LQFUHDVH� LQ� EHQHILFLDO� EDFWHULD� DQG�RU� D� GHFUHDVH� LQ� KDUPIXO
W\SHV�� D� UHGXFWLRQ� LQ� LQWHVWLQDO� S+�� SURGXFWLRQ� RI� 6&)$� DQG
FKDQJHV� LQ� EDFWHULDO� HQ]\PH� FRQFHQWUDWLRQV� >��@�� 7KH
IHUPHQWDWLRQ� RI� D� IRRG� LQJUHGLHQW� E\� WKH� JXW� PLFURELRWD� LV
GHSHQGHQW�RQ�LWV�SK\VLFRFKHPLFDO�VWUXFWXUH�>�@��7KXV�IDU��PRVW
DWWHQWLRQ� KDV� IRFXVHG� RQ� WKH� SUHELRWLF� SRWHQWLDO� RI� VROXEOH
ILEUHV�� LQ� SDUWLFXODU� QRQ�GLJHVWLEOH� ROLJRVDFFKDULGHV� VXFK� DV
LQXOLQ�W\SH� IUXFWRROLJRVDFFKDULGHV� �)26�� DQG� WUDQV�
JDODFWRROLJRVDFFKDULGHV� �726���ZLWK� WKH� GDLO\� LQWDNH� RI� ����� �
���J�VKRZQ�WR�SRVLWLYHO\�DOWHU�JXW�PLFURELDO�FRPSRVLWLRQ�DIWHU�D
VKRUW� IHHGLQJ� SHULRG� >��@�� 2WKHU� VROXEOH� ILEUHV�� LQFOXGLQJ
UHVLVWDQW�GH[WULQV��ZKHDW�RU�VWDUFK���JOXFDQV��JXPV�DQG�SHFWLQV
DUH�DOVR� LQFUHDVLQJO\� UHFRJQLVHG�DV�KDYLQJ�SUHELRWLF�SRWHQWLDO�
7KH�LQWDNH�RI�ZKHDW�GH[WULQ��:'��DQG�)26�KDV�EHHQ�VKRZQ�WR
KDYH� VDWLRJHQLF� DQG� ZHLJKW� PDQDJHPHQW� EHQHILWV�� SRVVLEO\
DWWULEXWDEOH�WR�HOHYDWHG�V\QWKHVLV�RI�DQRUH[LJHQLF�JXW�KRUPRQHV
�SHSWLGH� <<� �3<<�� DQG� JOXFDJRQ�OLNH� SHSWLGH� �� �*/3����� DQG
GHFUHDVHG� V\QWKHVLV� RI� WKH� RUH[LJHQLF� JXW� KRUPRQH�� JKUHOLQ
>�����@�� )XUWKHUPRUH�� 726� KDV� UHFHQWO\� EHHQ� IRXQG� WR
EHQHILFLDOO\� LPSDFW� RQ�PHWDEROLF�PDUNHUV� RI� LPPXQH� IXQFWLRQ�
V\VWHPLF� LQIODPPDWLRQ�DQG�EORRG�JOXFRVH� UHJXODWLRQ� >��@�� 7KH
PHFKDQLVPV� UHVSRQVLEOH� IRU� WKHVH� HIIHFWV� UHPDLQ� WR� EH
HOXFLGDWHG�� KRZHYHU� XS� UHJXODWLRQ� RI� VKRUW�FKDLQ� IDWW\� DFLGV
�6&)$��� DFHWDWH�� SURSLRQDWH� DQG� EXW\UDWH�� ZKLFK� DUH� NH\
PHWDEROLF� HQG�SURGXFWV� RI� EDFWHULDO� IHUPHQWDWLRQ�� PD\� SOD\
SLYRWDO�UROHV�>��@�
1875,26(�� �1875,26(�� )%���� 5RTXHWWH�� )UDQFH�� LV� D

QRQ�YLVFRXV� :'� ZLWK� D� WRWDO� ILEUH� FRQWHQW� RI� a� ���� DQG� D
PRQR�� DQG� GLVDFFKDULGH� FRQWHQW� RI� �� ����� >��@�� 1875,26(�

KDV�D�VWUXFWXUH�RI�OLQHDU�DQG�EUDQFKHG�JOXFRVLGLF�OLQNDJHV�WKDW
PDNH� LW� UHVLVWDQW� WR� K\GURO\VLV� LQ� WKH� VPDOO� LQWHVWLQH� DQG
FRQVHTXHQWO\�DYDLODEOH�IRU�EDFWHULDO�IHUPHQWDWLRQ�LQ�WKH�KXPDQ
ODUJH�JXW�>��@��1875,26(��LQGXFHV�D�ORZ�JO\FDHPLF�UHVSRQVH
DQG� LV�ZHOO� WROHUDWHG�E\� WKH� KXPDQ�GLJHVWLYH� V\VWHP�� HYHQ�DW
KLJK� GRVHV� >�����@�� (PHUJLQJ� HYLGHQFH� LQGLFDWHV� WKDW
1875,26(�� KDV� SUHELRWLF� SRWHQWLDO�� KRZHYHU� PRVW� RI� WKH
VWXGLHV� KDYH� EHHQ� GRQH� LQ� DQLPDO� PRGHOV�� ZKLFK� KDYH� D
GLIIHUHQW�PLFURELRWD�IURP�WKDW�RI�KXPDQV��RU�KDYH�LQYHVWLJDWHG�D
OLPLWHG� QXPEHU� RI� EDFWHULDO� JURXSV� LQ� KXPDQV�� 1HYHUWKHOHVV
WKHVH� VWXGLHV� KDYH� GHPRQVWUDWHG� WKDW� WKH� LQWDNH� RI
1875,26(�� PD\� PRGXODWH� JXW� PLFURELDO� HFRORJ\�� ZLWK

HYLGHQFH� IRU� LQFUHDVHG� IDHFDO� FRXQWV� RI� %DFWHURLGHV� DQG
/DFWREDFLOOXV� VSS��� UHGXFHG�&ORVWULGLXP� SHUILQJHQV�� LQFUHDVHG
WRWDO�6&)$�SURGXFWLRQ��HOHYDWHG�Į��DQG�ȕ��JOXFRVLGDVH�DFWLYLW\
DQG� GHFUHDVHG� IDHFDO� S+� >�����@�� )XUWKHUPRUH�� 1875,26(�

KDV� EHHQ� VKRZQ� WR� KDYH� SURPLVLQJ� HIIHFWV� RQ� HQHUJ\
PHWDEROLVP�� DSSHWLWH� UHJXODWLRQ� DQG� ZHLJKW� PDQDJHPHQW
>�����@�� ,Q� D� UHFHQW� KXPDQ� LQWHUYHQWLRQ� VWXG\� E\� *XHULQ�
'HUHPDX[�HW�DO���WKH�GDLO\�LQWDNH�RI�HLWKHU����J�����J��RU����J�RI
1875,26(��� RYHU� D� SHULRG� RI� QLQH� ZHHNV�� ZDV� IRXQG� WR
LQFUHDVH�SHUFHLYHG�IHHOLQJV�RI�VDWLHW\�DQG�VXEVHTXHQWO\�OHDG�WR
D�UHGXFWLRQ�LQ�HQHUJ\�LQWDNH��ERG\ZHLJKW�DQG�SHUFHQWDJH�ERG\
IDW� LQ� D� JURXS� RI� RYHUZHLJKW�PDOHV� >��@�� 3UHOLPLQDU\� HYLGHQFH
DOVR� VXJJHVWV� WKDW� 1875,26(�� PD\� LPSURYH� LQGLFHV� RI� OLSLG
DQG� JOXFRVH� KRPHRVWDVLV�� KRZHYHU� DGGLWLRQDO� ZRUN� LV
ZDUUDQWHG�WR�YHULI\�WKHVH�ILQGLQJV�>��@�
7KH�DLP�RI�WKH�SUHVHQW�VWXG\�ZDV�WR�H[DPLQH�PRUH�IXOO\�WKH

LPSDFW� RI� :'� IHUPHQWDWLRQ� RQ� JXW� PLFURELDO� HFRORJ\� DQG
PHWDEROLF� HQG� SURGXFWV� RI� PLFURELDO� IHUPHQWDWLRQ� LQ� GLVWLQFW
DQDWRPLFDO�UHJLRQV�RI�WKH�KXPDQ�FRORQ�XVLQJ�DQ� LQ�YLWUR�WKUHH�
VWDJH� FRQWLQXRXV� FXOWXUH� KXPDQ� FRORQLF� PRGHO� �JXW� PRGHO�
V\VWHP�� 7KLV� V\VWHP� KDV� EHHQ� XVHG� H[WHQVLYHO\� DW� RXU
LQVWLWXWLRQ� DQG� SURYLGHV� D� FRQWUROOHG� DQG� VWHDG\�VWDWH
HQYLURQPHQW� LQ�ZKLFK� WR� VWXG\� WKH� FRPSRVLWLRQ� DQG�PHWDEROLF
DFWLYLWLHV� RI� WKH� JXW� PLFURELRWD� LQ� UHODWLRQ� WR� H[WHUQDO
SHUWXUEDWLRQV�� VXFK� DV� ZLWK� WKH� DGPLQLVWUDWLRQ� RI� IRRG
LQJUHGLHQWV� >��@��7KH� LQWDNH�RI� ���J�GD\�1875,26(��ZDV� WKH
ORZHVW� GRVH� WR� VLJQLILFDQWO\� LQFUHDVH� VDWLHW\�� UHGXFH� HQHUJ\
LQWDNH�DQG�LPSURYH�ERG\�FRPSRVLWLRQ�LQ�SUHYLRXV�LQYHVWLJDWLRQV
E\�*XHULQ�'HUHPDX[�DQG�FROOHDJXHV� >�����@��$FFRUGLQJO\�� WKLV
GRVDJH� ZDV� FKRVHQ� IRU� WKH� SUHVHQW� VWXG\� DQG� ZDV
DGPLQLVWHUHG� LQ� WZR� HTXDO� GRVHV� HDFK� GD\� WR� PLPLF� KXPDQ
LQJHVWLRQ��7KH�LPSDFW�RI�:'�IHUPHQWDWLRQ�RQ�WKH�SUROLIHUDWLRQ�RI
D�VHOHFWLRQ�RI� WKH�PDLQ�EDFWHULDO�JURXSV�RI� WKH�JXW�PLFURELRWD�
LQFOXGLQJ� JURXSV� ZLWK� SXUSRUWHG� EHQHILWV� RU� GHWULPHQWV� WR
KHDOWK��ZDV� DVVHVVHG� XVLQJ� ��6� U51$�EDVHG� IOXRUHVFHQFH� LQ
VLWX�K\EULGLVDWLRQ��),6+��DQG�RUJDQLF�DFLG�SURGXFWLRQ�DQDO\VHG
E\�JDV�FKURPDWRJUDSK\��*&��

0DWHULDOV�DQG�0HWKRGV

7KUHH�VWDJH�FRQWLQXRXV�FXOWXUH�FRORQLF�PRGHO��JXW
PRGHO��V\VWHP
7KUHH� JXW� PRGHOV�� HDFK� FRPSULVLQJ� RI� D� FDVFDGH� RI� WKUHH

JODVV�IHUPHQWHUV�FRQQHFWHG�LQ�VHULHV�WKDW�VLPXODWH�WKH�GLIIHUHQW
SK\VLFDO� DQG� QXWULWLRQDO� FKDUDFWHULVWLFV� RI� WKH� SUR[LPDO� �9���
WUDQVYHUVH��9���DQG�GLVWDO�FRORQ��9����ZHUH�LPSOHPHQWHG�XQGHU
FRQGLWLRQV� SUHYLRXVO\� GHWDLOHG� E\� 0DFIDUODQH� HW� DO�� >��@�� *XW
PRGHOV� ZHUH� LQRFXODWHG� ZLWK� IDHFDO� VDPSOHV� IURP� KHDOWK\
KXPDQ� GRQRUV�� DOO� RI� ZKRP� KDG� QR� SUHYLRXV� KLVWRU\� RI
JDVWURLQWHVWLQDO� GLVRUGHUV� DQG� KDG� QRW� UHFHLYHG� DQWLELRWLFV� RU
SUH�SURELRWLFV� IRU� DW� OHDVW� WKUHH�PRQWKV� SULRU� WR� WKH� VWXG\�� $OO
IDHFDO� GRQRUV� KDG� WKH� H[SHULPHQWDO� SURFHGXUH� H[SODLQHG� WR
WKHP� DQG� ZHUH� JLYHQ� WKH� RSSRUWXQLW\� WR� DVN� TXHVWLRQV�� $OO
GRQRUV� WKHQ� SURYLGHG� YHUEDO� LQIRUPHG� FRQVHQW� IRU� WKH� XVH� RI
WKHLU� IDHFHV� LQ� WKH� VWXG\�� 7KH�8QLYHUVLW\� RI�5HDGLQJ� UHVHDUFK
HWKLFV�FRPPLWWHH�H[HPSWHG�WKLV�VWXG\�IURP�UHYLHZ�EHFDXVH�QR
GRQRUV�ZHUH�LQYROYHG�LQ�DQ\�LQWHUYHQWLRQ�DQG�ZDLYHG�WKH�QHHG
IRU�ZULWWHQ�FRQVHQW�GXH� WR� WKH� IDFW� WKH�VDPSOHV� UHFHLYHG�ZHUH
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QRW� FROOHFWHG� E\� PHDQV� RI� LQWHUYHQWLRQ�� (TXLOLEULXP� RI� WKH
V\VWHP�� VWHDG\� VWDWH� �� �66���� ZDV� UHDFKHG� DIWHU� HLJKW� IXOO
WXUQRYHUV�DW��������DQG����GD\V��7KHUHDIWHU�� WKH� WHVW�SURGXFW�
1875,26(���ZDV�DGPLQLVWHUHG� LQWR�9�� LQ���J�GRVHV�DW������
DQG� ������ HDFK� GD\� XQWLO� WKH� VHFRQG� VWHDG\� VWDWH� �66��� KDG
EHHQ� UHDFKHG� DW� ���� ���� DQG� ��� GD\V�� 6DPSOHV� ���P/��ZHUH
FROOHFWHG�IURP�DOO�YHVVHOV�RI�WKH�FRORQLF�V\VWHP�DQG�FHQWULIXJHG
DW� ������� [� J� IRU� ��� PLQ� WR� UHPRYH� DOO� SDUWLFXODWH� PDWWHU�� $
VKRUWHQHG�*&�PHWKRG�ZDV�XVHG�WR�GHWHUPLQH�WKH�VWDELOLVDWLRQ
RI� 6&)$� FRQFHQWUDWLRQV� RYHU� WKUHH� FRQVHFXWLYH� GD\V� DQG
FRQILUP�VWHDG\�VWDWH��66��DQG�66���>��@��)XUWKHU�VDPSOHV�ZHUH
VWRUHG�DW������&�IRU�IXWXUH�DQDO\VLV�

,Q�YLWUR�HQXPHUDWLRQ�RI�EDFWHULDO�SRSXODWLRQV�E\�),6+
(QXPHUDWLRQ�RI�EDFWHULDO�SRSXODWLRQV�ZDV�SHUIRUPHG�E\�),6+

XVLQJ� V\QWKHWLF� ROLJRQXFOHRWLGH� SUREHV� GHVLJQHG� WR� WDUJHW
VSHFLILF�GLDJQRVWLF� UHJLRQV�RI���6� U51$�DQG� ODEHOOHG�ZLWK� WKH
IOXRUHVFHQW�&\��G\H��6LJPD�$OGULFK�/WG���3RROH��'RUVHW��8.���DV
SUHYLRXVO\�GHVFULEHG�>��@��$V�GHWDLOHG�LQ�7DEOH����SUREHV�ZHUH
XVHG� IRU� WKH� GHWHUPLQDWLRQ� RI� WRWDO� EDFWHULD�� ELILGREDFWHULD�
ODFWREDFLOOL�HQWHURFRFFL�� %DFWHURLGHV�� &ORVWULGLXP� SHUIULQJHQV�
KLVWRO\WLFXP� VXEJURXS�� &ORVWULGLXP� FOXVWHU� ;,9D�� &ORVWULGLXP
FOXVWHU� ,� DQG� ,,�� 5RVHEXULD� JHQXV� DQG� $WRSRELXP� �
&RULREDFWHULXP�

2UJDQLF�DFLG�GHWHUPLQDWLRQ�E\�*&
6DPSOHV� ZHUH� H[WUDFWHG� DQG� GHULYDWLVHG� DV� SUHYLRXVO\

GHVFULEHG�E\�5LFKDUGVRQ�HW�DO��>��@��%ULHIO\��DOLTXRWV�RI���P/�RI
VXSHUQDWDQW�ZHUH� WUDQVIHUUHG� LQWR�JODVV� WXEHV�� IROORZHG�E\� WKH
DGGLWLRQ�RI�����/�RI� LQWHUQDO� VWDQGDUG� �����P0����HWK\OEXW\ULF

DFLG��������/�RI�FRQFHQWUDWHG�K\GURFKORULF�DFLG��+&O��DQG���P/
RI� GLHWK\O� HWKHU� �6LJPD� $OGULFK� /WG��� 3RROH�� 'RUVHW�� 8.��
6DPSOHV�ZHUH�WKHQ�YRUWH[HG�IRU���PLQ�EHIRUH�FHQWULIXJDWLRQ�DW
������[�J�IRU����PLQ��7KH�WRS�HWKHU�OD\HU�ZDV�WUDQVIHUUHG�IURP
HDFK�WXEH�LQWR�FOHDQ�JODVV�WXEHV��$�VHFRQG�H[WUDFWLRQ�VWHS�ZDV
WKHQ�FRPSOHWHG�XVLQJ�D�IXUWKHU��P/�RI�GLHWK\O�HWKHU��7KH�GLHWK\O
OD\HU�ZDV� DJDLQ� FROOHFWHG� DQG� SRROHG�ZLWK� WKH� OD\HU� IURP� WKH
ILUVW� H[WUDFWLRQ�� $OLTXRWV� RI� ���ȝ/� RI� WKLV� SRROHG� H[WUDFW� ZHUH
WUDQVIHUUHG� LQWR� JODVV� YLDOV�� DORQJVLGH� ��� ȝ/� RI�1�PHWK\O�1�W�
EXW\OGLPHWK\OVLO\OWULIOXRURDFHWDPLGH� �&KHVKLUH� 6FLHQFHV�
&KHVWHU��8.���7KH�VDPSOHV�ZHUH� WKHQ� LQFXEDWHG�DW����&� LQ�D
ZDWHU�EDWK� IRU���PLQ�DQG� OHIW�DW� URRP�WHPSHUDWXUH� IRU����K� WR
DOORZ�IRU�WKH�FRPSOHWH�GHULYDWLVDWLRQ�RI�ODFWLF�DFLG�
7KH�GHULYDWL]HG�VDPSOHV�ZHUH�UXQ�RQ�D������6(5,(6�,,�*DV

&KURPDWRJUDSK� �+HZOHWW� 3DFNDUG�� 8.�� ZLWK� IODPH� LRQL]DWLRQ
GHWHFWRU�� XVLQJ� DQ� 5W[��� ��Pî����PP� FROXPQ� FRDWHG� ZLWK� D
����ȝP� FRDWLQJ� �&URVVERQG� ����� GLPHWK\O� SRO\VLOR[DQH�
5HVWHN�� %XFNLQJKDPVKLUH�� 8.��� ,QMHFWRU� DQG� GHWHFWRU
WHPSHUDWXUH� ZHUH� VHW� DW� ����&� DQG� WKH� FROXPQ� WHPSHUDWXUH
ZDV�SURJUDPPHG� IURP����&� IRU���PLQ� WR�����&�DW����&�PLQ��

DQG�KHOG�DW������&� IRU���PLQ��+HOLXP�ZDV�XVHG�DV� WKH�FDUULHU
JDV� �IORZ� UDWH� ���� P/�PLQ�� KHDG� SUHVVXUH� ���03D��� ([WHUQDO
VWDQGDUGV�FRQWDLQHG��P0���VRGLXP�IRUPDWH������DFHWLF�DFLG�����
SURSLRQLF� DFLG�� ���� LVR�EXW\ULF� DFLG�� ��� Q�EXW\ULF� DFLG�� ���� LVR�
YDOHULF� DFLG�� ��� Q�YDOHULF� DFLG�� ��� VRGLXP� ODFWDWH�� ���� VRGLXP
VXFFLQDWH�� ���� &KHPVWDWLRQ� %������� �$JLOHQW� 7HFKQRORJLHV�
&KHVKLUH��8.��ZDV� XVHG� IRU� FDOLEUDWLRQ� DQG� FDOFXODWLRQ� RI� WKH
LQWHUQDO� UHVSRQVH� IDFWRU� IRU�TXDQWLILFDWLRQ�RI�SHDN�DUHDV�ZLWKLQ
VDPSOHV�

7DEOH����3UREHV�XVHG�IRU�EDFWHULDO�HQXPHUDWLRQ�E\�),6+�

3UREH�QDPH6HTXHQFH���¶�WR��¶� 7DUJHW�VSHFLHV
+\EULGL]DWLRQ��:DVKLQJ
7HPSHUDWXUH���&� 5HIHUHQFH

$WR��� **7&**7&7&7&$$&&&
$WRSRELXP��&ROLQVHOOD��2OVHQHOOD�DQG�(JJHUWKHOOD�VSS���&U\SWREDFWHULXP
FXUWXP��0\FRSODVPD�HTXLJHQLWDOLXP�DQG�0\FRSODVPD�HOHSKDQWLV

������� >��@

%DF��� &&$$7*7*****$&&77
0RVW�%DFWHURLGHV�VHQVX�VWULFWR�DQG�3UHYRWHOOD�VSS���DOO�3DUDEDFWHURLGHV�
%DUQHVLHOOD�YLVFHULFROD�DQG�2GRULEDFWHU�VSODQFKQLFXV

������� >��@

%LI��� &$7&&**&$77$&&$&&& 0RVW�%LILGREDFWHULXP�VSS��DQG�3DUDVFDUGRYLD�GHQWLFROHQV ������� >��@

&KLV��� 77$7*&**7$77$$7&7<&&777

0RVW�PHPEHUV�RI�&ORVWULGLXP�FOXVWHU�,��DOO�PHPEHUV�RI�&ORVWULGLXP�FOXVWHU�,,�
&ORVWULGLXP�W\UREXW\ULFXP��$GKDHULEDFWHU�DTXDWLFXV�DQG�)OH[LEDFWHU
FDQDGHQVLV��IDPLO\�)OH[LEDFWHULDFHDH���>(XEDFWHULXP@�FRPEHVLL��IDPLO\
3URSLRQLEDFWHULDFHDH�

������� >��@

(UHF��� *&77&77$*7&$5*7$&&*
0RVW�PHPEHUV�RI�&ORVWULGLXP�FOXVWHU�;,9D��6\QWURSKRFRFFXV�VXFURPXWDQV�
>%DFWHURLGHV@�JDODFWXURQLFXV�DQG�>%DFWHURLGHV@�[\ODQRO\WLFXV��/DFKQRVSLUD
SHFWLQVFKL]D�DQG�&ORVWULGLXP�VDFFKDURO\WLFXP

������� >��@

/DE��� **7$77$*&$<&7*777&&$
0RVW�/DFWREDFLOOXV��/HXFRQRVWRF�DQG�:HLVVHOOD�VSS���/DFWRFRFFXV�ODFWLV��DOO
9DJRFRFFXV��(QWHURFRFFXV��0HOLVRFRFFXV��7HWUDJHQRFRFFXV��&DWHOOLFRFFXV�

3HGLRFRFFXV�DQG�3DUDODFWREDFLOOXV�VSS�
������� >��@

5UHF��� 7&$*$&77*&&*<$&&*& 5RVHEXULD���(XEDFWHULXP�UHFWDOH��D�FRPSRQHQW�RI�FOXVWHU�;,9D� ������� >��@

(FR���� &$&&*7$*7*&&7&*7&$7& (VFKHULFKLD�FROL ������� >��@

(8%��� *&7*&&7&&&*7$**$*7 7RWDO�EDFWHULD ������� >��@

(8%���,, *&$*&&$&&&*7$**7*7 7RWDO�EDFWHULD ������� >��@

(8%���,, *&7*&&$&&&*7$**7*7 7RWDO�EDFWHULD ������� >��@

GRL����������MRXUQDO�SRQH���������W���
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6WDWLVWLFDO�DQDO\VLV
$OO� VWDWLVWLFDO� WHVWV�ZHUH� SHUIRUPHG� RQ�*UDSK3DG�3ULVP����

�*UDSK3DG� 6RIWZDUH�� /D� -ROOD�� &$�� 86$��� 2QH�ZD\� $929$
WHVWV� ZHUH� XVHG� WR� FRPSDUH� 66�� DQG� 66�� GDWD� IRU� EDFWHULDO
FRXQWV� DQG� RUJDQLF� DFLG� FRQFHQWUDWLRQV�� :KHUH� VLJQLILFDQW
GLIIHUHQFHV� ZHUH� LGHQWLILHG�� SRVW� KRF� DQDO\VLV� ZDV� SHUIRUPHG
XVLQJ�7XNH\�PXOWLSOH� FRPSDULVRQ� WHVWV��6WDWLVWLFDO� VLJQLILFDQFH
ZDV�DFFHSWHG�DW�3��������IRU�DOO�DQDO\VHV�

5HVXOWV

7KH�LPSDFW�RI�:'�RQ�WKH�KXPDQ�JXW�PLFURELRWD
$YHUDJH� EDFWHULDO� FRXQWV�� DV� HQXPHUDWHG� E\� ),6+�� DUH

GLVSOD\HG�LQ�)LJXUH���DQG�H[SUHVVHG�DV�ORJ�&)8�PO���VWDQGDUG
GHYLDWLRQV�� )ROORZLQJ� DGPLQLVWUDWLRQ� RI� :'�� WRWDO� EDFWHULDO
SRSXODWLRQV� VLJQLILFDQWO\� LQFUHDVHG� E\� ����� ORJ��� LQ� 9�
VLPXODWLQJ� WKH� WUDQVYHUVH�FRORQ��3�����������DQG������ ORJ��� LQ
9�� VLPXODWLQJ� WKH� GLVWDO� FRORQ� �3� �� �������� 1R� VLJQLILFDQW
GLIIHUHQFHV� IRU� WRWDO� EDFWHULD�ZHUH� IRXQG� LQ�9��� VLPXODWLQJ� WKH
SUR[LPDO� FRORQ�� &RQFHQWUDWLRQV� RI� &ORVWULGLXP� FRFFRLGHV� ±
(XEDFWHULXP�UHFWDOH�VLJQLILFDQWO\� LQFUHDVHG�E\������ ORJ��� LQ�9�
�3�����������������ORJ���LQ�9���3�����������DQG������ORJ���LQ�9�
�3� �� ������� )XUWKHUPRUH�� FRQFHQWUDWLRQV� RI� 5RVHEXULD� �� (�
UHFWDOH�VLJQLILFDQWO\�LQFUHDVHG�E\������ORJ���LQ�9���3�����������
�����ORJ���LQ�9���3�����������DQG������ORJ���LQ�9���3�����������
1R� VLJQLILFDQW� GLIIHUHQFHV� ZHUH� IRXQG� IRU� WKH� RWKHU� EDFWHULDO
JURXSV�DQDO\VHG�� LQFOXGLQJ�%LILGREDFWHULXP� VSS���/DFWREDFLOOXV
�� (QWHURFRFFXV��� %DFWHURLGHV� �� 3UHYRWHOOD�� $WRSRELXP� �
&RULREDFWHULXP� DQG� (VFKHULFKLD� FROL�� 7KHUH� ZHUH� WUHQGV� IRU
LQFUHDVHV� LQ� %LILGREDFWHULXP� VSS�� DQG� (VFKHULFKLD� FROL� LQ� DOO
YHVVHOV��KRZHYHU� WKHVH�GLG�QRW� UHDFK�VLJQLILFDQFH��&RXQWV� IRU

WKH� &ORVWULGLXP� KLVWRO\WLFXP� JURXS� ZHUH� EHORZ� WKH� GHWHFWLRQ
OHYHO��GDWD�QRW�VKRZQ��

2UJDQLF�DFLG�SURGXFWLRQ
5HODWLYH� FRQFHQWUDWLRQV� RI� RUJDQLF� DFLGV�� DV� GHWHUPLQHG� E\

*&��DUH�UHSRUWHG�LQ�7DEOH���DQG�H[SUHVVHG�DV�P0���VWDQGDUG
GHYLDWLRQV�� )HUPHQWDWLRQ� RI� :'�PHGLDWHG� D� VLJQLILFDQW� �����
P0�LQFUHDVH�LQ�EXW\UDWH�LQ�9���3������������������P0�LQFUHDVH
LQ�9���3����������DQG�������P0�LQFUHDVH� LQ�9���3���������RI
WKH� JXW� PRGHOV�� ,Q� 9��� VLPXODWLQJ� WKH� SUR[LPDO� FRORQ�� :'
DGPLQLVWUDWLRQ� UHVXOWHG� LQ� D� VLJQLILFDQW� ����� P0� UHGXFWLRQ� LQ
DFHWDWH��3���������DQG�������P0�UHGXFWLRQ�LQ�SURSLRQDWH��3��
������ FRQFHQWUDWLRQV�� ,Q� 9��� VLPXODWLQJ� WKH� WUDQVYHUVH� FRORQ�
DFHWDWH�FRQFHQWUDWLRQV�VLJQLILFDQWO\� LQFUHDVHG�E\�������P0��3
���������ZKHUHDV�SURSLRQDWH�FRQFHQWUDWLRQV�GLG�QRW�FKDQJH��,Q
9��� VLPXODWLQJ� WKH� GLVWDO� FRORQ�� DFHWDWH� FRQFHQWUDWLRQV
VLJQLILFDQWO\�LQFUHDVHG�E\�������P0��3����������DQG�SURSLRQDWH
FRQFHQWUDWLRQV�VLJQLILFDQWO\�LQFUHDVHG�E\�������P0��3���������
&RQFHQWUDWLRQV�RI�IRUPDWH��LVR�YDOHULF��YDOHULF�DQG�ODFWDWH�ZHUH
EHORZ�WKH�GHWHFWLRQ�OLPLW�

'LVFXVVLRQ

7KH�DLP�RI�WKH�SUHVHQW�VWXG\�ZDV�WR�H[WHQG�NQRZOHGJH�RI�WKH
LPSDFW� RI�:'� RQ� WKH� PLFURELDO� HFRORJ\� RI� WKH� KXPDQ� JXW�� $
YDOLGDWHG�JXW�PRGHO�V\VWHP�ZDV�XVHG�WR�HVWDEOLVK�WKH�HIIHFWV�RI
LQ� YLWUR� IHUPHQWDWLRQ� RI�:'� RQ� WKH� SUROLIHUDWLRQ� RI� D� UDQJH� RI
NQRZQ�EDFWHULDO� JURXSV��7KHVH� LQFOXGHG� WKH�SXUSRUWHG�KHDOWK�
SURPRWLQJ�%LILGREDFWHULXP� DQG� /DFWREDFLOOXV� JHQHUD�� EXW� DOVR
RWKHU� EDFWHULD� LQFUHDVLQJO\� UHFRJQLVHG� IRU� KDYLQJ� LPSRUWDQW
UROHV�LQ�WKH�KXPDQ�FRORQ��LQFOXGLQJ�%DFWHURLGHV�DQG�5RVHEXULD

)LJXUH���� �%DFWHULDO�SRSXODWLRQV�� �%DFWHULDO�SRSXODWLRQV� LQ� WKH� WKUHH�GLIIHUHQW�YHVVHOV� �9���9��DQG�9���RI� WKH�JXW�PRGHOV�EHIRUH
�66���DQG�DIWHU��66���:'�WUHDWPHQW��'DWD�SUHVHQWHG�DV�PHDQV�RI�WKH�WKUHH�JXW�PRGHOV���VWDQGDUG�GHYLDWLRQV��66��DQG�66��DUH
FDOFXODWHG�DV�PHDQ�YDOXHV�RYHU�WKUHH�FRQVHFXWLYH�GD\V��

�3���������


�3����������



�3�����������VLJQLILFDQWO\�GLIIHUHQW�IURP�66��
GRL����������MRXUQDO�SRQH���������J���
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� JHQXV�� ,Q� DGGLWLRQ�� PHWDEROLF� HQG� SURGXFWV� RI� PLFURELDO
IHUPHQWDWLRQ�� LQFOXGLQJ� 6&)$V�� DFHWDWH�� SURSLRQDWH� DQG
EXW\UDWH�� ZHUH� DQDO\VHG� WR� HOXFLGDWH� SRWHQWLDO� PHGLDWRUV� E\
ZKLFK� WKLV� QRYHO� IRRG� LQJUHGLHQW� PD\� H[HUW� PHWDEROLF� DQG
KHDOWK�EHQHILWV�WR�WKH�KXPDQ�KRVW�WKURXJK�PRGXODWLRQ�RI�WKH�JXW
PLFURELRWD�
7KH� SURYLVLRQ� RI� :'�� DW� D� GRVH� RI� ��� J�GD\�� UHVXOWHG� LQ

PDUNHG� LQFUHDVHV� LQ� WRWDO� EDFWHULDO� SRSXODWLRQV� LQ� YHVVHOV
VLPXODWLQJ� WKH� WUDQVYHUVH� DQG� GLVWDO� FRORQ�� 7KLV� LQFUHDVHG
SUROLIHUDWLRQ� RI� WRWDO� EDFWHULD� LV� FRQFXUUHQW� ZLWK� ILQGLQJV� IURP
SUHYLRXV� VWXGLHV� LQ� URGHQWV� DQG� KXPDQV� >�����@�� 7R� RXU
NQRZOHGJH�� ZH� KDYH� GHPRQVWUDWHG� IRU� WKH� ILUVW� WLPH� WKDW�:'
VLJQLILFDQWO\� LQFUHDVHV� WKH� SUROLIHUDWLRQ� RI� *UDP�SRVLWLYH
&ORVWULGLXP� &OXVWHU� ;,9D� EDFWHULD� DQG� 5RVHEXULD� JHQXV�� DV
FDWHJRULVHG� E\� LQFUHDVHG� FRXQWV� IRU�&ORVWULGLXP� FRFFRLGHV� ±
(XEDFWHULXP� UHFWDOH� DQG� 5RVHEXULD� �� (�� UHFWDOH� JURXSV�
UHVSHFWLYHO\��7KHVH�EDFWHULDO�JURXSV�DUH�PDMRU�FRPSRQHQWV�RI
WKH� KXPDQ� JXW� PLFURELRWD� DQG� KDYH� LPSRUWDQW� UROHV� LQ� WKH
IHUPHQWDWLRQ� DQG� SXWUHIDFWLRQ� RI� IRRG�GHULYHG� VXEVWDQFHV�
UHVXOWLQJ�LQ�WKH�SURGXFWLRQ�RI�6&)$V�DQG�LQWHVWLQDO�JDVHV�>��@�
)XUWKHUPRUH�� &ORVWULGLXP� &OXVWHU� ;,9D� DQG� 5RVHEXULD� JHQXV
DUH� NH\� EXW\UDWH� SURGXFHUV�� ZLWK� a� ���� RI� WKH� EXW\UDWH�
SURGXFLQJ� LVRODWHV� RULJLQDWLQJ� LQ� KXPDQ� IDHFHV� EHORQJLQJ� WR
WKHVH�JURXSV�>��@��([SHULPHQWDO�ZRUN�LQ�URGHQWV�VXJJHVWV�WKDW
REHVLW\� LV� LQYHUVHO\� FRUUHODWHG� WR� QXPEHUV� RI� &ORVWULGLXP
&OXVWHU�;,9D�DQG�5RVHEXULD�JHQXV��,QWHUHVWLQJO\��WKHVH�VWXGLHV
IRXQG� WKDW� WKH� SURYLVLRQ� RI� GLHWDU\� ILEUHV�� FKLWLQ±JOXFDQ� DQG
ZKHDW� DUDELQR[\ODQ�� WR�PLFH� VXEMHFWHG� WR� DQ� REHVRJHQLF� GLHW
DPHOLRUDWHG�WKH�UHGXFWLRQ�LQ�WKHVH�WZR�EDFWHULDO�JURXSV�>�����@�
2ZLQJ�WR�WKH�ILQGLQJV�RI�WKH�SUHVHQW�VWXG\��LW�LV�IHDVLEOH�WKDW�WKH
LQWDNH�RI�:'�PD\�DOVR�KDYH�UHVWRUDWLYH�HIIHFWV�RQ�JXW�PLFURELDO
SRSXODWLRQV�RI�&ORVWULGLXP�&OXVWHU�;,9D�DQG�5RVHEXULD� JHQXV
LQ�REHVH�DQG�RYHUZHLJKW�LQGLYLGXDOV�
:KLOVW� WKHUH�ZDV�D� WUHQG� IRU� DQ� LQFUHDVH� LQ�%LILGREDFWHULXP

VSS�� DFURVV� WKH� JXW� PRGHO�� QHLWKHU� SRSXODWLRQV� RI� WKLV� JHQXV
QRU� /DFWREDFLOOXV� �� (QWHURFRFFXV��� VLJQLILFDQWO\� LQFUHDVHG� LQ
UHVSRQVH� WR� WKH� SURYLVLRQ� RI� :'�� 7KLV�� LQ� FRPELQDWLRQ� ZLWK
SUHYLRXV� ILQGLQJV��VXJJHVWV� WKDW� WKH�SK\VLFRFKHPLFDO�VWUXFWXUH
RI�:'�PD\� QRW� FRQIHU� VHOHFWLYLW\� WR� ELILGREDFWHULD�� ZKLFK� KDV
EHHQ� VKRZQ� WR� SUHIHU� ROLJRVDFFKDULGH� VWUXFWXUHV�� LQFOXGLQJ

7DEOH����6&)$�FRQFHQWUDWLRQV�

� $FHWDWH � � 3URSLRQDWH � � %XW\UDWH �
� 66� 66� � 66� 66� � 66� 66�
9HVVHO
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0HDQ� 6&)$� FRQFHQWUDWLRQV� UHSRUWHG� DV�P0� �� VWDQGDUG� GHYLDWLRQV� IRU� WKH� WKUHH
YHVVHOV�RI� WKH�JXW�PRGHOV�EHIRUH� �66���DQG�DIWHU� �66���:'� WUHDWPHQW��66��DQG
66��DUH�FDOFXODWHG�DV�PHDQ�YDOXHV�RYHU�WKUHH�FRQVHFXWLYH�GD\V��
�3���������

�3��
������


�3����������



�3�����������VLJQLILFDQWO\�GLIIHUHQW�IURP�66��
GRL����������MRXUQDO�SRQH���������W���

726� DQG� YDULRXV� IRUPV� RI� JDODFWR�ROLJRVDFFKDULGHV� >��@�
3DVPDQ�HW�DO��REVHUYHG�LQFUHDVHV�LQ�ODFWREDFLOOL�LQ�UHVSRQVH�WR
:'��KRZHYHU�WKLV�ZDV�IROORZLQJ�WKH�LQWDNH�RI�D�KLJKHU�GRVH�RI
���J�GD\� >��@��ZLWK�D� UHFHQW� VWXG\�E\�/HIUDQF�0LOORW�HW�DO�� >��@
IDLOLQJ� WR�REVHUYH�VXFK�DQ�HIIHFW�ZLWK� ORZHU�GRVDJHV��/HIUDQF�
0LOORW� HW� DO�� GLG� KRZHYHU� ILQG� WKDW� WKH� LQWDNH� RI� ��� J�GD\�:'
LQFUHDVHG� QXPEHUV� RI� %DFWHURLGHV�� D� JHQXV� RI� EDFWHULD� WKDW
PD\�EHQHILW�WKH�KXPDQ�KRVW�E\�SUHYHQWLQJ�SRWHQWLDO�SDWKRJHQV
IURP� FRORQLVLQJ� WKH� JXW�� )XUWKHUPRUH�� WKH� DGPLQLVWUDWLRQ� RI� �
J�GD\� DQG� ��� J�GD\� UHGXFHG� QXPEHUV� RI� &ORVWULGLXP
SHUIULQJHQV�� DQ� RSSRUWXQLVWLF� KXPDQ� SDWKRJHQ� >��@�� ,Q� WKH
FXUUHQW� VWXG\� &ORVWULGLXP� SHUIULQJHQV� OHYHOV� ZHUH� EHORZ� WKH
GHWHFWLRQ� WKUHVKROG� LQ� DOO� WKUHH� KXPDQ� GRQRUV� DQG
VXEVHTXHQWO\�ZH�ZHUH�XQDEOH� WR�GHWHUPLQH� WKH� LPSDFW�RI�:'
RQ�WKLV�EDFWHULDO�JURXS��:KLOVW�WKHUH�ZDV�D�WUHQG�IRU�DQ�LQFUHDVH
LQ�%DFWHURLGHV� LQ� WKH� WUDQVYHUVH� DQG� GLVWDO� UHJLRQV� RI� WKH� JXW
PRGHO��WKLV�GLG�QRW�UHDFK�VLJQLILFDQFH�
7KH� REVHUYHG� LQFUHDVHV� LQ� EXW\UDWH� SURGXFWLRQ� DFURVV� WKH

WKUHH� YHVVHOV� RI� WKH� JXW� PRGHO�� WRJHWKHU� ZLWK� LQFUHDVHV� LQ
&ORVWULGLXP� FOXVWHU� ;,9D� DQG� 5RVHEXULD� JHQXV� SURYLGH
HYLGHQFH� IRU� D� EXW\URJHQLF� HIIHFW� RI� :'� RQ� JXW� PLFURELDO
HFRORJ\�� 0RUHRYHU�� WKH� LQFUHDVLQJ� PDJQLWXGH� RI� EXW\UDWH
SURGXFWLRQ� WKURXJK� WKH� JXW� PRGHO� IURP� 9��9�� VWUHQJWKHQV
VXSSRUW� IRU� D� EXW\URJHQLF� HIIHFW� RI� :'� LQ� DOO� UHJLRQV� RI� WKH
KXPDQ� FRORQ� DQG� HOLPLQDWHV� WKH� SRVVLELOLW\� WKDW� LQFUHDVHG
FRQFHQWUDWLRQV�LQ�WKH�ODWWHU�UHJLRQV�RI�WKH�JXW�PRGHO�ZHUH�VROHO\
GXH�WR�EXW\UDWH�WUDQVLWLQJ�WKURXJK�IURP�D�SUHYLRXV�YHVVHO�LQ�WKH
V\VWHP��2XU� ILQGLQJV�VXSSRUW�SUHYLRXV�HYLGHQFH�IURP�D�URGHQW
PRGHO� WKDW� IRXQG� WKDW� ��� GD\V� RI� :'� VXSSOHPHQWDWLRQ
LQFUHDVHG� IDHFDO� FRQFHQWUDWLRQV� RI� EXW\UDWH�� DFHWDWH� DQG
SURSLRQDWH� >��@�� ,QFUHDVHG�SURGXFWLRQ�RI�6&)$�EXW\UDWH� LQ� WKH
KXPDQ� ODUJH� JXW�PD\� KDYH� QXPHURXV� KHDOWK� EHQHILWV�� )LUVWO\�
EXW\UDWH� LV� WKH� SUHIHUUHG� HQHUJ\�SURYLGLQJ� VXEVWUDWH� IRU
FRORQRF\WHV�>��@��6HFRQGO\��EXW\UDWH�KDV�EHHQ�VKRZQ�WR�KDYH�D
EHQHILFLDO� WURSKLF� HIIHFW� RQ� WKH� JXW� HSLWKHOLXP� >��@�� /DVWO\�
EXW\UDWH� KDV� EHHQ� GHPRQVWUDWHG� WR� PRGXODWH� FRORQLF� FHOO
SUROLIHUDWLRQ� �� DSRSWRVLV� DQG� PD\� KDYH� SURWHFWLYH� SURSHUWLHV
DJDLQVW� FRORQ� FDQFHU� DQG� XOFHUDWLYH� FROLWLV� >��@�� $V� WKH
LQFLGHQFH�RI�FRORQ�FDQFHU�DQG�RWKHU�FRORQLF�FRQGLWLRQV��VXFK�DV
XOFHUDWLYH� FROLWLV�� LV� KLJKHVW� LQ� WKH� GLVWDO� UHJLRQV� RI� WKH� FRORQ
>��@�� WKH� HOHYDWHG� SURGXFWLRQ� RI� EXW\UDWH� DQG� 6&)$V�
SURSLRQDWH� DQG� DFHWDWH�� LQ� 9�� RI� WKH� JXW� PRGHO� LV� RI
FRQVLGHUDEOH� LQWHUHVW� DV� UHJLRQDO� GLIIHUHQFHV� LQ� 6&)$
FRQFHQWUDWLRQV� KDV� LPSOLFDWLRQV� IRU� GLVHDVH� ULVN� >��@�
)XUWKHUPRUH�� LQFUHDVHG� SURGXFWLRQ� RI� 6&)$V� LQGLFDWHV� D
SUHIHUHQWLDO� LQFUHDVH� LQ� FDUERK\GUDWH� IHUPHQWDWLRQ� UDWKHU� WKDQ
SURWHLQ� IHUPHQWDWLRQ��ZKLFK�PDLQO\�RFFXUV� LQ� WKH�GLVWDO� UHJLRQV
RI� WKH� KXPDQ� FRORQ� GXH� WR� UHGXFHG� QXWULHQW� DYDLODELOLW\� >��@�
5DWKHU� WKDQ� SURGXFLQJ� EHQHILFLDO� 6&)$V� DQG� RWKHU� RUJDQLF
DFLGV�� WKH�EUHDNGRZQ�RI�SURWHLQ�E\�SURWHRO\WLF�EDFWHULD� UHVXOWV
LQ� WKH� IRUPDWLRQ� RI� DPPRQLD�� SKHQROV�� LQGROHV�� WKLROV�� DPLQHV
DQG�VXOSKLGHV��ZKLFK�DUH�SRWHQWLDOO\�GHWULPHQWDO�WR�KHDOWK�>��@�
7KHUH� LV� PRXQWLQJ� HYLGHQFH� WKDW� SUHELRWLFV� LPSDFW� RQ

DSSHWLWH� UHJXODWLRQ� DQG� JXW� KRUPRQH� UHOHDVH� KRZHYHU� WKH
XQGHUO\LQJ� PHFKDQLVPV� DUH� QRW� \HW� FOHDU�� (YLGHQFH� IURP
DQLPDO� VWXGLHV� KDV� UHFHQWO\� KLJKOLJKWHG� WKH� SRWHQWLDO
PHFKDQLVWLF� LPSRUWDQFH� RI� 6&)$� SURGXFWLRQ� E\� WKH� JXW
PLFURELRWD�� )LQGLQJV� IURP� URGHQW� PRGHOV� KDYH� GHPRQVWUDWHG

,Q�9LWUR�&RORQLF�)HUPHQWDWLRQ�RI�1875,26(��)%��

3/26�21(�_�ZZZ�SORVRQH�RUJ � 2FWREHU������_�9ROXPH���_�,VVXH����_�H�����



WKDW� EXW\UDWH� DQG� SURSLRQDWH�� EXW� QRW� DFHWDWH�� VWLPXODWH� WKH
VHFUHWLRQ� RI� DQRUH[LJHQLF� KRUPRQHV��*/3���� 3<<� DQG� JDVWULF
LQKLELWRU\� SRO\SHSWLGH� �*,3��� 7KHVH� HIIHFWV�PD\� EH� H[SUHVVHG
WKURXJK�WKH�DFWLYDWLRQ�RI�*�SURWHLQ�FRXSOHG�UHFHSWRUV�IUHH�IDWW\
DFLG� UHFHSWRU���DQG� IUHH�IDWW\�DFLG� UHFHSWRU���E\�EXW\UDWH�DQG
SURSLRQDWH�� KRZHYHU� PHFKDQLVPV� LQGHSHQGHQW� RI� WKHVH
UHFHSWRUV� PD\� DOVR� EH� LQYROYHG� >��@�� *XW� KRUPRQHV� DUH
IXQGDPHQWDO�LQ�WKH�UHJXODWLRQ�RI�DSSHWLWH�EXW�DOVR�LQ�WKH�FRQWURO
RI�JOXFRVH�PHWDEROLVP��ZLWK�*,3�LQYROYHG�LQ� LQVXOLQ�GHSHQGHQW
JOXFRVH� XSWDNH� LQWR� PXVFOH� WLVVXH� DQG� */3��� LQYROYHG� LQ
LQVXOLQ�VHFUHWLRQ� IURP� WKH�SDQFUHDV� >��@�� ,Q� WKH�SUHVHQW�VWXG\�
WKH� :'� PHGLDWHG� LQFUHDVHV� LQ� EXW\UDWH� DQG� SURSLRQDWH
SURGXFWLRQ�KDV� LGHQWLILHG�SRVVLEOH�PHWDEROLF�PHGLDWRUV� IRU�DQ\
HIIHFWV�RI�:'� IHUPHQWDWLRQ�RQ�DSSHWLWH� UHJXODWLRQ�DQG�HQHUJ\
PHWDEROLVP�
,Q� FRQFOXVLRQ��:'�KDG�D�EHQHILFLDO� LPSDFW�RQ�JXW�PLFURELDO

HFRORJ\�� QRW� RQO\� LQ� 9�� ZKHUH� DGPLQLVWHUHG�� EXW� SHUVLVWLQJ
WKURXJK�DOO�YHVVHOV�RI�JXW�PRGHO�V\VWHP��:KLOVW�QRW�H[HUWLQJ�D
FODVVLFDO� SUHELRWLF� HIIHFW�� VXFK� DV� LQFUHDVHG� %LILGREDFWHULXP

VSS�� RU� /DFWREDFLOOXV� VSS��� :'� ZDV� VHOHFWLYHO\� IHUPHQWHG� E\
&ORVWULGLXP� &OXVWHU� ;,9D� DQG� 5RVHEXULD� JHQXV�� ZKLFK� DUH
LQFUHDVLQJO\� UHFRJQLVHG� DV� LPSRUWDQW� KHDOWK� SURPRWLQJ
FRPSRQHQWV� RI� WKH� JXW� PLFURELRWD�� )XUWKHUPRUH�� REVHUYHG
LQFUHDVHV� LQ� 6&)$� SURGXFWLRQ�� LQ� SDUWLFXODU� EXW\UDWH� DQG
SURSLRQDWH�� SURYLGH� SRVVLEOH� PHWDEROLF� PHGLDWRUV� IRU� DQ\
HIIHFWV� RI� :'� RQ� KRVW� DSSHWLWH� UHJXODWLRQ� DQG� HQHUJ\
PHWDEROLVP��)XWXUH�KXPDQ�LQWHUYHQWLRQ�VWXGLHV�DUH�UHTXLUHG�WR
HVWDEOLVK� WKH� FRQFRPLWDQW� HIIHFWV� RI� :'� RQ� JXW� PLFURELDO
HFRORJ\�� DSSHWLWH� UHJXODWLRQ� DQG� V\VWHPLF� PDUNHUV� RI
PHWDEROLVP� LQ� RUGHU� WR� HOXFLGDWH� XQGHUO\LQJ� PHFKDQLVPV� RI
DFWLRQ�

$XWKRU�&RQWULEXWLRQV

&RQFHLYHG�DQG�GHVLJQHG�WKH�H[SHULPHQWV��/*'�2%.�*5*�,5�
3HUIRUPHG� WKH� H[SHULPHQWV�� $00� 05+� *(:�� $QDO\]HG� WKH
GDWD��05+�$00�$&� /*'�2%.�*5*��:URWH� WKH�PDQXVFULSW�
05+�$00�$&�*(:�/*'�':�,5�2%.�*5*�

5HIHUHQFHV

�� :DQJ� <&�� 0F3KHUVRQ� .�� 0DUVK� 7�� *RUWPDNHU� 6/�� %URZQ� 0� ������
+HDOWK�DQG�HFRQRPLF�EXUGHQ�RI�WKH�SURMHFWHG�REHVLW\�WUHQGV�LQ�WKH�86$
DQG� WKH� 8.�� /DQFHW� ����� ��������� GRL���������
6����������������������3XE0HG�����������

�� +DIIQHU� 60� ������� 5HODWLRQVKLS� RI� 0HWDEROLF� 5LVN� )DFWRUV� DQG
'HYHORSPHQW�RI�&DUGLRYDVFXODU�'LVHDVH�DQG�'LDEHWHV��2EHVLW\��6LOYHU
6SULQJ�� ���� ���6����6�� GRL���������RE\����������� 3XE0HG�
���������

�� 1RUULV� -0�� 5LFK� 66� ������� *HQHWLFV� RI� *OXFRVH� +RPHRVWDVLV
,PSOLFDWLRQV� IRU� ,QVXOLQ� 5HVLVWDQFH� DQG� 0HWDEROLF� 6\QGURPH�
$UWHULRVFOHU�7KURPE�9DVF�%LRO����������������GRL���������$79%$+$�
������������3XE0HG�����������

�� 7UHPDUROL�9��%lFNKHG�)��������)XQFWLRQDO�LQWHUDFWLRQV�EHWZHHQ�WKH�JXW
PLFURELRWD� DQG� KRVW� PHWDEROLVP�� 1DWXUH� ����� ��������� GRL���������
QDWXUH�������3XE0HG�����������

�� 1LFKROVRQ�-.��+ROPHV�(��.LQURVV�-��%XUFHOLQ�5��*LEVRQ�*�HW�DO��������
+RVW�JXW� PLFURELRWD� PHWDEROLF� LQWHUDFWLRQV�� 6FLHQFH� ����� ����������
GRL���������VFLHQFH����������3XE0HG�����������

�� 4LQ�-��/L�5��5DHV�-��$UXPXJDP�0��%XUJGRUI�.6�HW�DO���������$�KXPDQ
JXW�PLFURELDO�JHQH�FDWDORJXH�HVWDEOLVKHG�E\�PHWDJHQRPLF�VHTXHQFLQJ�
1DWXUH�������������GRL���������QDWXUH�������3XE0HG�����������

�� /H\� 5(�� %lFNKHG� )�� 7XUQEDXJK� 3�� /R]XSRQH� &$�� .QLJKW� 5'� HW� DO�
�������2EHVLW\�DOWHUV�JXW�PLFURELDO�HFRORJ\��3URF�1DWO�$FDG�6FL�8�6�$
����� ������������� GRL���������SQDV������������� 3XE0HG�
���������

�� /H\�5(�� 7XUQEDXJK�3-��.OHLQ�6��*RUGRQ� -,� �������0LFURELDO� HFRORJ\�
KXPDQ�JXW�PLFUREHV�DVVRFLDWHG�ZLWK�REHVLW\��1DWXUH����������±�����
GRL����������������D��3XE0HG�����������

�� 7XUQEDXJK� 3-�� %lFNKHG� )�� )XOWRQ� /�� *RUGRQ� -,� ������� 'LHW�LQGXFHG
REHVLW\�LV�OLQNHG�WR�PDUNHG�EXW�UHYHUVLEOH�DOWHUDWLRQV�LQ�WKH�PRXVH�GLVWDO
JXW� PLFURELRPH�� &HOO� +RVW� 0LFUREH� ��� ���±����� GRL���������M�FKRP�
�������������3XE0HG�����������

��� )XUHW� -3�� .RQJ� /&�� 7DS� -�� 3RLWRX� &�� %DVGHYDQW� $� HW� DO�� ������
'LIIHUHQWLDO�$GDSWDWLRQ�RI�+XPDQ�*XW�0LFURELRWD� WR�%DULDWULF�6XUJHU\±
,QGXFHG� :HLJKW� /RVV� /LQNV� :LWK� 0HWDEROLF� DQG� /RZ�*UDGH
,QIODPPDWLRQ� 0DUNHUV�� 'LDEHWHV� ���� ����������� GRL���������
GE���������3XE0HG�����������

��� 'XQFDQ�6+��/REOH\�*(��+ROWURS�*��,QFH�-��-RKQVWRQH�$0�HW�DO��������
+XPDQ�FRORQLF�PLFURELRWD�DVVRFLDWHG�ZLWK�GLHW��REHVLW\�DQG�ZHLJKW�ORVV�
,QW� -� 2EHV� ���� ����������� GRL���������LMR����������� 3XE0HG�
���������

��� 6FKZLHUW]� $�� 7DUDV� '�� 6FKlIHU� .�� %HLMHU� 6�� %RV� 1$� HW� DO�� ������
0LFURELRWD�DQG�6&)$�LQ�OHDQ�DQG�RYHUZHLJKW�KHDOWK\�VXEMHFWV��2EHVLW\
�������������3XE0HG�����������

��� =KDQJ�+��'L%DLVH� -.��=XFFROR�$��.XGUQD�'��%UDLGRWWL�0�HW� DO�� ������
+XPDQ� JXW� PLFURELRWD� LQ� REHVLW\� DQG� DIWHU� JDVWULF� E\SDVV�� 3URF� 1DWO
$FDG� 6FL� 86$� ����� ����������� GRL���������SQDV������������
3XE0HG�����������

��� 1H\ULQFN�$0��3RVVHPLHUV�6��9HUVWUDHWH�:��'H�%DFNHU�)��&DQL�3'�HW�DO�
�������'LHWDU\�PRGXODWLRQ�RI�FORVWULGLDO�FOXVWHU�;,9D�JXW�EDFWHULD� ��� L!
5RVHEXULD��L!� VSS��� E\� FKLWLQ±JOXFDQ� ILEHU� LPSURYHV� KRVW� PHWDEROLF
DOWHUDWLRQV� LQGXFHG� E\� KLJK�IDW� GLHW� LQ�PLFH�� 7KH� -RXUQDO� RI� QXWULWLRQDO
ELRFKHPLVWU\������������

��� &DQL� 3'�� 1H\ULQFN� $0�� )DYD� )�� .QDXI� &�� %XUFHOLQ� 5*� HW� DO�� ������
6HOHFWLYH�LQFUHDVHV�RI�ELILGREDFWHULD�LQ�JXW�PLFURIORUD�LPSURYH�KLJK�IDW�
GLHW�LQGXFHG� GLDEHWHV� LQ� PLFH� WKURXJK� D� PHFKDQLVP� DVVRFLDWHG� ZLWK
HQGRWR[DHPLD�� 'LDEHWRORJLD� ���� ����������� GRL���������
V������������������3XE0HG�����������

��� &DQL� 3'�� %LELORQL� 5�� .QDXI� &�� :DJHW� $�� 1H\ULQFN� $0� HW� DO�� ������
&KDQJHV� LQ� JXW� PLFURELRWD� FRQWURO� PHWDEROLF� HQGRWR[HPLD�LQGXFHG
LQIODPPDWLRQ� LQ� KLJK�IDW� GLHW±LQGXFHG� REHVLW\� DQG� GLDEHWHV� LQ� PLFH�
'LDEHWHV����������������GRL���������GE���������3XE0HG�����������

��� 1H\ULQFN�$0��3RVVHPLHUV�6��'UXDUW�&��9DQ�GH�:LHOH�7��'H�%DFNHU�)�HW
DO�� ������� 3UHELRWLF� (IIHFWV� RI� :KHDW� $UDELQR[\ODQ� 5HODWHG� WR� WKH
,QFUHDVH� LQ� %LILGREDFWHULD�� 5RVHEXULD� DQG� %DFWHURLGHV�3UHYRWHOOD� LQ
'LHW�,QGXFHG� 2EHVH� 0LFH�� 3/26� 21(� ��� H������� GRL���������
MRXUQDO�SRQH����������3XE0HG�����������

��� /LRX� $3�� 3D]LXN�0�� /XHYDQR� -�0��0DFKLQHQL� 6�� 7XUQEDXJK� 3-� HW� DO�
�������&RQVHUYHG�6KLIWV� LQ� WKH�*XW�0LFURELRWD�'XH� WR�*DVWULF�%\SDVV
5HGXFH� +RVW� :HLJKW� DQG� $GLSRVLW\�� 6FL� 7UDQVO� 0HG� ��� ���UD����
3XE0HG�����������

��� *LEVRQ�*5��6FRWW�.3��5DVWDOO�5$��7XRK\�.0��+RWFKNLVV�$�HW�DO��������
'LHWDU\� SUHELRWLFV�� FXUUHQW� VWDWXV� DQG� QHZ� GHILQLWLRQ�� )RRGV� 6FLHQFH
7HFKQRO�%XOOHWLQV�)XQFW�)RRGV����������GRL�������������������������

��� :RRGV�01��*RUEDFK�6/� ������� ,QIOXHQFHV� RI� ILEUH� RQ� WKH� HFRORJ\� RI
WKH�LQWHVWLQDO�IORUD��&5&�+DQGERRN�RI�'LHWDU\�)LEUH�LQ�+XPDQ��1XWULWLRQ�
��������

��� :DOWRQ� *�� 6ZDQQ� -�� *LEVRQ� *� ������� 3UHELRWLFV�� ,Q�� (� 5RVHQEHUJ(
'H/RQJ6� /RU\(� 6WDFNHEUDQGW)� 7KRPSVRQ�� 7KH� 3URNDU\RWHV�� %HUOLQ
+HLGHOEHUJ��6SULQJHU�9HUODJ��SS��������

��� 1D]DUH�-$��6DXYLQHW�9��1RUPDQG�6��*XpULQ�'HUHPDX[�/��*DEHUW�/�HW
DO�� ������� ,PSDFW� RI� D� UHVLVWDQW� GH[WULQ� ZLWK� D� SURORQJHG� R[LGDWLRQ
SDWWHUQ� RQ� GD\�ORQJ� JKUHOLQ� SURILOH�� -� $P� &ROO� 1XWU� ���� ������� GRL�
��������������������������������3XE0HG�����������

��� &DQL�3'��/HFRXUW�(��'HZXOI�(0��6RKHW�)0��3DFKLNLDQ�%'�HW�DO��������
*XW� PLFURELRWD� IHUPHQWDWLRQ� RI� SUHELRWLFV� LQFUHDVHV� VDWLHWRJHQLF� DQG
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